ABSTRACT: A substantial number of prematurely born infants will experience later neurodevelopmental challenges. Abnormal development of the cerebellum may be related to some of the impairments exhibited by preterm children. To test the hypothesis that cerebellar development is structurally impaired in preterm infants and associated with adverse outcomes, we studied 83 preterm infants and 13 term controls using volumetric magnetic resonance imaging techniques to obtain cerebellar volumes (CV) at term corrected and subsequent neurodevelopmental assessment at 2 y of age. The preterm group had smaller mean CV at term compared with the term control infants [mean (SD) CV, 22.0 (5.0) versus 23.5 (5.0) cc; mean difference (95% confidence interval), 1.5 (-1.5, 4.4)] although this did not reach statistical significance. Within the preterm group, there was evidence of a reduction in CV related to the presence of white matter injury (WMI) after adjusting for intracranial volume (ICV) [WMI grade 1 versus grade 2: mean (SD) CV, 23.6 (5.0) versus 21.6 (4.5); p ϭ 0.01; WMI grade 1 versus grade 3 and 4: 23.6 (5.0) versus 20.8 (5.6); p ϭ 0.07]. Within the preterm infants, there was no apparent relationship between CV at term and gestational age at birth after adjusting for ICV. At 2 y of age, CV showed a weak correlation with cognitive and motor development, although this was principally mediated by WMI. In conclusion, we found no evidence for a primary impairment in cerebellar development in relation to prematurity, although there was evidence for a secondary effect of cerebral WMI on cerebellar development independent of immaturity. 
B
eing born prematurely poses a significant risk for adverse neurosensory, cognitive, and behavioral outcomes in survivors (1) . With recent advances in MR imaging techniques, our understanding of the cerebral abnormalities associated with such impairments in the preterm infant is improving (2) (3) (4) . In contrast, the impact of prematurity on the developing cerebellum, along with the contribution of impaired cerebellar development to adverse outcomes in the preterm child, remains unclear.
The role of the cerebellum in motor coordination and muscle tone has long been appreciated, but more recently there has been greater awareness of its potential role in cognitive functioning (5, 6) . Patients with cerebellar disorders have been reported to have clear cognitive deficits including poor planning ability (5), verbal fluency (7), memory and learning (7) , and deficits in shifting attention (5) . Consistent with these findings, functional neuroimaging studies have found increased co-activation in the cerebellum and dorsolateral prefrontal cortex during high-level cognitive tasks (8) . Although most of the efferent output from the cerebellum is directed to the premotor and motor systems (9) , there are cerebellar connections to other regions of the cerebral cortex, including the prefrontal cortex, which may contribute to its role in cognitive function (10) .
In view of the role of the cerebellum in motor learning, adjusting motor operations, and cognitive functioning, impaired cerebellar development in preterm infants may contribute to the commonly observed motor impairments and higher level cognitive deficits commonly experienced by these children (11) . We hypothesized that cerebellar development would be structurally impaired in premature infants, at term corrected, in comparison to term controls, and that this impaired development would predict later impairment in cognitive and psychomotor performance. Furthermore, we hypothesized that cerebellar development would be impaired by the presence of WMI, which is the most common neuropathology observed in the preterm infant (12) .
To test our hypotheses, we used MR imaging techniques to obtain and compare in vivo CV between preterm infants at term corrected and term controls. We then related the CV to cognitive and motor developmental indices at 2 y corrected age.
METHODS

Study population.
Participants included a sample of 83 consecutive infants from a larger cohort of 204 premature infants (Յ32 wk gestation) enrolled into a prospective study investigating structural brain development in premature infants utilizing MR imaging at the Royal Women's and Royal Children's Hospitals, Melbourne, tertiary referral and perinatal centers. The first 13 consecutively enrolled term-born control infants from a total of 51 recruited for this prospective cohort study were also assessed at term equivalent. The numbers of infants' scans that were analyzed for CV were limited by the time-intensive nature of the analysis and the available resources.
MR scans for all children were quantitatively analyzed for CV and all children had neurodevelopmental assessments at 2 y of age. Informed consent was obtained from all parents.
MR image acquisition. Infants were settled with a feed, swaddled in a vacuum bean bag, and placed in the MRI scanner without sedation. MR images were obtained with a 1.5T General Electric Signa System (GE Medical Systems, Milwaukee, WI) with acquisition of the primary MR data using a three-dimensional Fourier transform spoiled gradient recalled (SPGR) sequence (1.0 -1.2 mm coronal slices; flip angle, 45E; repetition time, 35 ms; echo time, 9 ms; field of view, 18 cm; matrix, 256 ϫ 256) and a double-echo (DE) (proton density and T2-weighted) spin-echo sequence (1.6 coronal or 3 mm axial slices; flip angle, 90E; repetition time, 4000 ms; echo time, 70 and 140 ms; field of view, 18 cm; matrix, 512 ϫ 512). These sequences provided images with minimal noise and intensity artifacts.
MR image processing. The MR images were processed using Slicer 2.4 software (www.slicer.org) as previously described on Sun Microsystems, Mountain View, CA (3, 4) .
Tissue segmentation was undertaken for the entire cerebral mantle including the cerebellum. For tissue segmentation, the DE spin-echo images were co-registered with the SPGR image using a linear spatial transformation determined by maximization of mutual information. The DE spin-echo images were then resampled to form a three-channel data set with the SPGR image.
By a process of semi-automated segmentation, tissue types were differentiated using a template for 40 wk gestation, as previously described (4) .
Values for the ICV were obtained as the sum of all the components of the whole brain segmentation including extra-axial CSF. Coronal slices were inspected and for each slice the cerebellum was manually outlined based on T1 and T2 characteristics. After completing manual outlining of the cerebellum, three-dimensional reconstruction was undertaken and total CV was obtained (Fig. 1) .
All post-acquisition image analysis was undertaken by a single operator (M.P.). The intraobserver variation (i.e., the SD as a percentage of the mean) in relation to manual CV analysis was 0.2-1.9% when tested on the same five babies anonymously and randomly on three consecutive weeks. The left and right cerebellar hemispheres were differentiated manually using a mid-sagittal line through the vermis.
Qualitative WMI scores of MR images. MR images were reviewed by a single blinded rater (T.I.) and a score was obtained for WMI, made up of components for white matter signal abnormality, white matter volume, the presence of cystic abnormality and the quality of the corpus callosum and maturation of myelin as previously described (12) . Images were reviewed blind to group membership.
Cranial ultrasound evaluation. As part of routine clinical care, infants had cranial ultrasound scans on d 1, 7, 28, and 60 of life unless there were indications to carry out scans more frequently. During the time period when the infants were recruited, it was routine policy to visualize via the anterior fontanelle only. Any abnormality in the cerebellum on routine cranial ultrasounds was noted in addition to the presence of any other neuropathology, including intraventricular hemorrhage and/or periventricular white matter abnormalities.
Cognitive, motor, and neurologic development. At 2 y corrected age, the children were administered the Bayley Scales of Infant Development, Second Edition (BSID-II) as well as a pediatric neurologic examination. Both the cognitive and motor item sets were administered enabling the Mental Developmental Index (MDI) and Psychomotor Developmental Index (PDI) to be calculated for each child. Children who had scores lower than those published in the normative tables were assigned a standardized score of 45. Children who were not testable due to significant neurosensory impairment and/or severe developmental delay were assigned a standardized score of 40. We used MDI and PDI as measures of cognitive and motor development, respectively. Children with MDI or PDI Ͻ70 were classified as "significantly delayed." A "classical" cerebellar motor function examination was not included in the study as it was felt that these signs would be difficult to elicit reliably, objectively, and consistently in this age group.
Analysis of results.
Comparison of mean CV between groups was performed by analysis of covariance with ICV as a covariate. The comparison incorporated this adjustment for ICV in order to compensate for preterm infants failing to "catch-up" in overall growth when compared to term infants. The ICV measurement included extra-axial CSF as the segmentation method labels all intracranial CSF within the total CSF volume and ICV. For the purposes of statistical analysis, WMI grades 3 and 4 were combined as there were only three infants with WMI grade 4. Left and right cerebellar hemisphere volumes were compared using a paired samples t test. Associations between CV and 2-y outcomes were examined by linear regression methods for continuous variables. Analysis was carried out using SPSS version 14, (SPSS, Inc., Chicago, IL).
RESULTS
Characteristics of the study population. Table 1 outlines the characteristics of the preterm study group and the term controls. The preterm study group had a mean (SD) gestational age of 27.6 (2.1) wk and mean birthweight of 968 (242) g. Only 8 of the 83 preterm infants had significant intraven- Between the preterm and term study groups, there was no difference in the gestational age at which MRI scans were performed. However, as expected, the mean weight at time of MRI was higher in the term controls. In this study, scaling effects were adjusted for using ICV.
At 2 y of age, 13% (n ϭ 11) of the preterm group had features of cerebral palsy. Three had severe quadriplegic CP, and it was thought unlikely that these children would ever be able to walk. Two children with moderate CP (one with a hemiplegia and the other with a diplegia) were not walking at 2 y, but it was thought that these children would be able to do so in the future. The remaining six had a mild CP and were walking at 2 y. Nine of these 11 children had moderate-severe WMI on qualitative MRI scoring.
Other than a greater proportion of males, there were no differences between the characteristics of the preterm infants studied in comparison with the remaining 121 of the larger preterm cohort.
WMI. Qualitative review of the MR scans yielded 25 (30%) preterm infants with no (grade 1) WMI, 40 (48%) with mild (grade 2) WMI, 15 (18%) with moderate (grade 3) WMI, and 3 (4%) with severe (grade 4) WMI. None of the term controls had WMI. Three infants in the preterm group had focal signal change in the cerebellar region on the MR image, suggesting previous cerebellar hemorrhage.
CV. CV in the preterm group at term corrected was slightly lower than among the term controls [mean CV (SD): preterm versus term, 22.0 (5.0) versus 23.5 (5.0) cc] ( Table 2) . For both groups, there was a large scatter of CV (see Fig. 2 ). There was no difference in the mean CV as a percentage of the ICV between the preterm group and the term controls [mean CV/ICV% (SD): preterm versus term, 6.2 (1.3) versus 5.9 (1.0)]. As expected, there was a strong correlation between CV and ICV for all gestations (Pearson correlation, 0.55; p Ͻ 0.001). On linear regression analysis, there was no direct relationship between CV at term corrected and gestational age at birth for all the babies (Fig. 2) Cognitive and motor development. For preterm infants, there was evidence of a weak relationship between CV and PDI on linear regression (␤ ϭ 0.76, 95% CI, -0.10, 1.60; p ϭ 0.08) ( Table 3 , Fig. 3 ), but this diminished after adjusting for ICV and WMI. Similarly there was evidence of a weak trend toward a relationship between CV and PDI (␤ ϭ 0.76, 95% CI -0.18, 1.70, p ϭ 0.11) ( Table 3 , Fig. 3 ), which also diminished after adjusting for ICV and WMI.
Preterm infants with severe motor delay (i.e., 2 SD below the mean, PDI Ͻ70) had smaller CV than preterm infants who were not exhibiting severe delay [n ϭ 15 versus n ϭ 68; mean CV (SD), 19.4 
DISCUSSION
The cerebellum is thought to be relatively sensitive to cerebral injury during development (14) , and cerebellar injury or impairment in structural development in preterm infants has been shown to be associated with adverse neurodevelopmental outcome (11, 15) . Morphologic abnormality of the cerebellum has been reported as relatively common in patients with CP born extremely prematurely (16) . Thus, we hypothesized that infants born prematurely would have smaller CV than term infants at an equivalent postconceptional age and that such a reduction in CV would be associated with delayed cognitive and motor development.
Although the preterm infants had a tendency toward smaller CV at term corrected compared with the term group, the difference was small and statistically inconclusive, contrary to our expectations. We found no association between gestational age at birth and CV at term corrected. There was a strong correlation between CV and ICV, and hence it can be argued that the use of ICV to adjust for scaling is justified. We found no evidence for an association between IVH and impaired cerebellar development (17) , although the incidence of substantial IVH in this cohort was relatively low. In contrast, the presence of qualitatively defined WMI in the preterm infants was associated with a reduction in CV after adjusting for ICV. Initial analyses indicated a weak association between CV at term and cognitive and motor development at 2 y, but these relationships diminished after controlling for ICV and WMI. Further analyses revealed that both cognitive and motor development were strongly associated with severity of WMI. Our study also found that, within the whole sample, the left cerebellar hemisphere was larger. There is well-documented evidence of anatomical asymmetry in detailed regions of the normal human cerebrum (18) , yet cerebellum asymmetry has not been previously reported.
A clear, identifiable limitation in our study relates to the manual volumetric estimation of CV. The volumetric MR analytical methods that we have used to obtain the CV are similar in principle to those reported by other groups (11, 19) . Our data from term control subjects (mean CV, 23 mL) are consistent with pathology specimens at term demonstrating that the cerebellum takes up 5.7% of total brain mass (355 g at 40 wk gestation), approximately 20 g (20,21), although considerable scatter was present for both preterm and term groups. Although there is support that such "in vivo" calculations equate to real measures (22) , it is possible that such gross volumetric measures may not be sensitive enough to detect the impact of prematurity on cerebellar development. Further research examining mechanisms at a cellular level may be necessary. In addition, the number of control infants was relatively small, limiting our power to detect minor volumetric alterations.
In relation to previously published work, our findings are consistent with those of Limperopoulos et al. (19) , who demonstrated reduced CV in preterm infants with abnormal MR imaging compared with those with normal imaging at term. However, there are two notable differences between Limperopoulos et al. and our study in that in their study the preterm infants were more selected with a high rate of MR imaging abnormalities of a heterogenous group of lesions including infratentorial lesions and IVH. Also, there were no neurocognitive outcomes reported in their data.
Our results also differ somewhat from Allin et al. (11) , who reported smaller CV in ex-preterm individuals who underwent neuroimaging in late childhood and early adulthood. Cerebral WMI was not reported in their cohort. In comparison to Allin et al. (11) , our measurement of CV was at a much earlier stage of brain and cerebellar development, which may explain the difference between studies. Cerebellar mass increases by 3.5-fold from term to 9 mo of age (23) , with the cerebellum at 9 mo measuring approximately half the adult mass. After 9 mo of age, cerebellar growth rate mirrors cerebral growth (23) . Thus, it is plausible that the impact of preterm birth and/or white matter abnormalities on the cerebellum becomes more apparent after 9 mo of age.
Our study was designed to investigate the nature and role of altered cerebellar development in mediating adverse neurodevelopmental outcome in the preterm infant. We demonstrated that WMI was the major mediator of altered cerebellar development, with a clear reduction in CV related to the presence and the severity of WMI. WMI is the commonest neuropathology found in the preterm infant, and the detection of the diffuse form of WMI has been demonstrated to be superior with qualitative MR imaging in comparison to cranial ultrasound (12) .
Using volumetric MR techniques, we have previously shown an association between WMI and reduction in cortical gray matter volumes (4) . One would anticipate that, with significant WMI altering fiber tract integrity into the corticospinal tracts, a secondary reduction in CV could result from axonal loss, Wallerian degeneration (24) , and/or cerebellar neuronal deafferentation (25) . Thus, it was not surprising to us to find an association between significant WMI and a reduction in CV.
It is important to distinguish a primary impairment in cerebellar development from that of a secondary impact of WMI on cerebellar development, as the pathway to neuroprotection may be critically different. The etiology and pathogenesis of WMI is not completely understood although factors including infection (26) , inflammation, ischemia-reperfusion (27) , oxidative stress and programmed cell death are all thought to contribute (28) . WMI affects neuro-developmental outcome in premature infants (29) , with extensive cystic periventricular leukomalacia (PVL) carrying a very poor prognosis including high rates (Ͼ50%) of severe motor and cognitive disability (30) . To date there has been little information on the effect of WMI on the developing cerebellum in preterm infants (19) .
Insight into the impact of any alteration in brain structure in the newborn on later neurodevelopment is critical. Our data show a weak relationship between the CV at term and PDI at 2 y of age. Although the MDI and PDI from the BSID-II are frequently used to assess development in 2 y olds, they are unlikely to be sensitive enough to detect deficits in higher level cognitive functions (5,6), which are increasingly being attributed to the cerebellum, such as planning ability (5), memory and learning (7), and shifting attention (5). We did not include these specific measures in this study, as these skills are difficult to assess reliably at this young age. This cohort is being followed up at later ages, and more sensitive and specific neurocognitive testing will be undertaken at those times.
In conclusion, we have documented a reduction in CV in preterm infants with WMI. For preterm infants without WMI, there was no substantial difference in cerebellar structural development at term equivalent in comparison to term born infants. Early cognitive and motor development of preterm infants is more strongly associated with WMI than CV, but CV may be related to higher-order motor and cognitive skills that emerge later in development. Our findings support the hypothesis that alterations in cerebellar structural development in preterm infants are influenced by the presence and severity of disturbance in cerebral white matter. This study supports accumulating evidence that cerebral WMI results in a global cerebral structural alteration including the cerebellum. MR studies at later ages may allow us to further explore the presence of alteration in cerebellar development in preterm infants at older ages.
